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ABSTRACT 

A t  t h e  NASA Ames Research Center 's Dryden F l i g h t  
Research F a c i l i t y  a t  Edwards A i r  Force Base, 
Ca l i f o rn ia ,  a v a r i e t y  of ground v i b r a t i o n  t e s t  
techniques have been app l ied  t o  an assortment 
o f  new or mod i f ied  aerospace research vehic les.  
Th is  paper presents a summary o f  these techniques 
and the  exper ience gained from var ious app l i ca -  
t i ons .  The r o l e  o f  ground v i b r a t i o n  t e s t i n g  i n  
t h e  q u a l i f i c a t i o n  o f  new and mod i f ied  a i r c r a f t  
f o r  f l i g h t  i s  discussed. Data a r e  presented f o r  
a wide v a r i e t y  o f  a i r c r a f t  and component tes ts ,  
i n c l u d i n g  comparisons o f  s ine-dwel l ,  s ing le - input  
random, and mu l t i p le - i npu t  random e x c i t a t i o n  
methods on a Je tStar  a i rp lane.  

I NTRODUCT ION 

Ground v i b r a t i o n  t e s t i n g  i s  performed on a s t ruc -  
t u r e  t o  i d e n t i f y  i t s  s t r u c t u r a l  modes and t h e i r  
associated na tu ra l  f requencies and dampings. This 
t ype  o f  t e s t i n g  i s  an important p a r t  o f  t h e  f l i g h t  
t e s t  a c t i v i t y  a t  t h e  Dryden F l i g h t  Research Fac i l -  
i t y  o f  NASA's h e s  Research Center (Ames-Dryden). 
The reasons f o r  i t s  impor tan t  r o l e  i n  f l i g h t  t e s t  
i nc lude  c o r r e l a t i n g  and v e r i f y i n g  the  t e s t  modal 
da ta  w i t h  dynamic f i n i t e -e lemen t  models used t o  
p r e d i c t  p o t e n t i a l  s t r u c t u r a l  i n s t a b i l i t i e s  (such 
as f l u t t e r ) , ( l , Z )  assessing t h e  s ign i f i cance  o f  
m o d i f i c a t i o n s  t o  research veh ic les  by comparing 
t h e  modal da ta  be fore  and a f t e r  the  mod i f i ca-  
t ion , (3 )  and he lp ing  t o  reso lve  i n - f l i g h t  
anomalies.(4) 

Ground v i b r a t i o n  t e s t i n g  may i n v o l v e  the  complete 
a i r p l a n e  mounted on a so f t  support system t o  simu- 
l a t e  a f ree - f ree  cond i t ion ,  t h e  complete a i rp lane  
r e s t i n g  on i t s  land ing  gear, s p e c i f i c  p a r t s  on the 
compl e te  a i rp lane,  o r  s i n g l e  components, such as 
l and ing  gear doors o r  con t ro l  surfaces. 

Before desc r ib ing  some t y p i c a l  t e s t  resu l t s ,  a 
b r i e f  d e s c r i p t i o n  o f  t h e  Ames-Dryden ground v ib ra-  
t i o n  t e s t i n g  c a p a b i l i t i e s  i s  presented. 

TEST EQUIPMENT 

Ground v i b r a t i o n  t e s t s  a r e  conducted us ing  t h e  
sine-dwel l  e x c i t a t i o n  method, s i n g l e -  and 
m u l t i p l e - i n p u t  random e x c i t a t i o n  methods, or 
t h e  impact e x c i t a t i o n  method. Some equipment 
i s  common t o  a l l  t h e  methods o f  e x c i t a t i o n ,  
whereas some i s  unique t o  a method. The use 
o f  e lectrodynamic shakers w i t h  fo rce  r a t i n g s  
o f  10, 50, and 150 l b  (Fig. 1) i s  comnon t o  a l l  

t h e  methods except impact exc i ta t i on .  Each shaker 
i s  at tached by means o f  a te lescop ing  t h r u s t  rod  
and a mechanical fuse. The fuse i s  at tached t o  
a l o c k i n g  swivel assembly, which i s  e i t h e r  b o l t e d  
o r  bonded d i r e c t l y  t o  the  s t ruc tu re .  A t y p i c a l  
shaker attachment i s  shown i n  Fig. 2. 

Accelerometers weighing 2 oz and having a sen- 
s i t i v i t y  of 500 mV/g a re  used f o r  most a i r p l a n e  
tes ts .  Smaller accelerometers weighing 0.32 02 
and having a s e n s i t i v i t y  o f  10 mV/g a re  used f o r  
1 i g h t  s t ruc tu res  and small components. 

SINEDWELL TEST EQUIPMENT 

The s i  ne-dwell e x c i t a t i o n  equipment i s  housed i n  
two po r tab le  consoles (Fig. 3). Th is  system i s  
capable o f  p rov id ing  swept-sine e x c i t a t i o n  w h i l e  
s imultaneously acquir ing,  f i l t e r i n g ,  recording, 
and d i  spl  ay i  ng s i x  channel s of accelerometer data. 
The t o t a l  number o f  accelerometers a v a i l a b l e  t o  
t h e  system i s  24. A sw i t ch ing  box al lows f o r  
changing t o  d i f f e r e n t  se ts  o f  s i x  accelerometers. 
The amp l i f i ed  accelerometer s igna ls  have a 2.OHz 
bandwidth t r a c k i n g  f i l t e r .  A pa tch  panel i s  u t i -  
l i z e d  t o  rou te  t h e  s igna l  t o  several  common d i s -  
p l a y  and record ing  devices, such as X-Y p l o t t e r s  
and a s t r i p c h a r t  recorder.  
(co-quad) analyzer i s  a l so  p a r t  o f  t h i s  system. 

RANDOM TEST EQUIPMENT 

The random e x c i t a t i o n  equipment cons is t s  o f  a 
minicomputer-based system housed i n  one p o r t -  
a b l e  console (Fig. 4). The system i s  capable o f  
acqu i r ing ,  f i l t e r i n g ,  d isp lay ing ,  and record ing  
e i g h t  channels o f  accelerometer data. The sys- 
tem has software t h a t  i s  capable o f  ana lyz ing  
v e h i c l e  responses from swept-sine, random, and 
impact exc i ta t i on .  

IMPACT TEST EQUIPMENT 

The impact e x c i t a t i o n  equipment cons is t s  of a 
hamner instrumented w i t h  a f o r c e  t ransducer and 
interchangeable heads o f  d i f f e r e n t  hardnesses. 
The heads a r e  made o f  rubber, p l a s t i c ,  and metal .  
The accelerometer amp1 i f i e r ,  fo rce  t ransducer 
a m p l i f i e r ,  and hamner a re  shown i n  Fig. 5. 

A co inc ident -quadra ture  

TEST PROCEDURES 

S I N E  DWELL EXCITATION TECHNIQUE 

The sine-dwel l  e x c i t a t i o n  technique uses two o r  
more shakers t o  e x c i t e  the  e l a s t i c  modes of t h e  



veh ic le .  Frequency sweeps general l y  a r e  conducted 
over t h e  frequency range o f  i n t e r e s t .  Acceler-  
ometers a r e  placed a t  several  l oca t i ons  and i n  
var ious  o r i e n t a t i o n s  on t h e  vehic le.  The f r e -  
quency response p l o t s  o f  these accelerometers a re  
recorded on X-Y p l o t t e r s .  
t h e  approximate frequencies a t  which s i g n i f i c a n t  
s t r u c t u r a l  response occurs. 

A f t e r  the  frequency sweeps are  completed, each 
a i r c r a f t  s t r u c t u r a l  mode o f  i n t e r e s t  i s  f i n e  
tuned by us ing  a co-quad analyzer w i t h  one acce l -  
e r a t i o n  and one fo rce  s igna l  as inputs.  Each 
mode i s  tuned by minimizing t h e  co inc iden t  ( i n -  
phase) component and maximizing the  quadrature 
(out-of-phase) component o f  t h e  s ignal .  To check 
on the  q u a l i t y  o f  t h e  mode, e l e c t r i c a l  power t o  
t h e  shaker i s  terminated, and the  decay t races  o f  
se lec ted  accelerometer responses a re  observed t o  
de tec t  beats. The absence o f  beats i n  t h e  decay 
t races  i nd i ca tes  t h a t  a mode i s  p roper l y  tuned. 
Sometimes t h e  shakers must be re loca ted  t o  achieve 
acceptable tun ing  f o r  a p a r t i c u l a r  mode. 

Once a mode i s  tuned, a modal survey i s  performed 
w i t h  rov ing  accelerometers. The p o i n t  on the  
s t r u c t u r e  w i t h  t h e  l a rges t  amp1 i t u d e  i s  se lec ted  
as t h e  reference point .  The reference i s  used t o  
normal i z e  a1 1 o ther  accelerometer response values 
and t o  determine phase re la t i onsh ips .  

RANDOM EXCITATION TECHNIQUE 

For  the  random e x c i t a t i o n  technique, t h e  s t r u c -  
t u r a l  ana lys is  system f i r s t  generates a random 
f o r c i n g  f u n c t i o n  o f  a bandwidth and ampl i tude 
s p e c i f i e d  by t h e  user. The f o r c i n g  func t i on  i s  
generated w i t h  t h e  a i r c r a f t  i n  the  loop and 
recorded on a tape recorder, as shown i n  Fig. 6. 
The s igna l  i s  then played back through t h e  e lec -  
trodynamic shaker attached t o  the  a i rp lane.  Data 
a r e  then acquired w i th  t h e  s t r u c t u r a l  ana lys i s  
system a t  each accelerometer l o c a t i o n  on the  
veh ic le .  F igure  7 i l l u s t r a t e s  t h i s  process. 
Trans fer  and coherence func t ions  a re  ca l cu la ted  
f o r  each response w i t h  a frequency bandwidth 
t h a t  i s  wide enough t o  i nc lude  a l l  t h e  modes o f  
i n t e r e s t .  The coherence f u n c t i o n  i s  used as a 
measure o f  t h e  q u a l i t y  o f  t h e  data be fore  they 
a r e  s to red  on the  system disk.  Leakage e r r o r s  
a r e  reduced by us ing  a Hann window o r  by us ing  
bu rs t  random exc i ta t ion .  (5 

Once data a c q u i s i t i o n  i s  completed f o r  t h e  e n t i r e  
a i rp lane,  modal parameters a re  estimated w i t h  
e i t h e r  the  complex exponential o r  t he  Po ly re fe r -  
ence (General E l e c t r i c  CAE In te rna t i ona l  ) param- 
e t e r  es t imat ion  techniques.(6) Each technique 
solves f o r  t he  modal parameters i n  the  t ime  
domain. A s i n g l e  response func t i on  i s  operated 
on by t h e  complex exponential technique t o  ob ta in  
t h e  modal parameters. M u l t i p l e  response func t ions  
a r e  manipulated by the Polyreference technique t o  
o b t a i n  g loba l  least-squares est imates o f  t he  modal 
parameters. 

Two s i  ngle-degree-of -freedom techniques, 1 east 
squares c i r c l e  f i t t i n g ( 6 )  and t o t a l  response, a re  
a v a i l a b l e  f o r  the  es t imat ion  o f  mode shapes. 

These p l o t s  i d e n t i f y  

A 

multiple-degree-of-freedom c u r v e - f i t t i n g  technique 
i s  a l s o  ava i lab le .  

IMPACT EXCITATION TECHNIQUE 

Impact e x c i t a t i o n  i s  used p r i m a r i l y  f o r  component 
tes t i ng .  The t e s t  s t r u c t u r e  i s  e x c i t e d  by an 
instrumented hammer. The response s igna l  decay i s  
m u l t i p l i e d  by an exponent ia l  window t o  reduce 
leakage. The data ana lys i s  i s  t h e  same as f o r  t he  
random e x c i t a t i o n  technique. 

SOFT SUPPORT SYSTEMS 

S o f t  support systems a r e  used t o  s imu la te  a f ree -  
f r e e  c o n d i t i o n  and t o  reduce the  frequency o f  t h e  
r i g id -body  modes. 
i n c l u d e  an overhead a i rbag f o r  veh ic les  w i t h  gross 
weights under 4000 l b  and under-the-gear a i rbags  
f o r  veh ic les  w i t h  gross weights up t o  approxi-  
mately 100,000 lb .  A t h i r d  type  o f  s o f t  support  
can be effected by a l l ow ing  the  v e h i c l e ' s  l and ing  
gear t o  r e s t  d i r e c t l y  on the  f l o o r .  

The overhead a i rbag system (Fig.  8) cons i s t s  o f  
an a i rbag  t h a t  i s  enclosed i n  a framework t o  pro- 
v ide  f a i l - s a f e  support should t h e  a i rbag  f a i l  o r  
depressurize. The v e r t i c a l  plunge frequency o f  
t h i s  system i s  1.9 Hz. 
at tached t o  t h e  cen te r -o f -g rav i t y  p o i n t  on a 
veh ic le ,  and e l a s t i c  cord must be at tached t o  
t h e  v e h i c l e  t o  prevent i t  from moving. 

The under-the-gear a i  rbag system ( F i g  . 9) consi s t s  
o f  t h r e e  l and ing  gear support un i t s .  Each u n i t  
has a s i n g l e  a i rbag  enclosed w i t h i n  a framework 
and an aluminum p l a t e  t h a t  se ts  on t o p  o f  each 
framework. To keep t h e  non l inear  t i r e  dynamics 
f rom a f f e c t i n g  t e s t  r e s u l t s  and t o  improve t h e  
s t a b i l i t y  o f  each i n d i v i d u a l  a i rbag u n i t ,  f i x -  
t u r e s  can be i n s t a l l e d  on each t o p  p l a t e  so t h a t  
a l and ing  gear a x l e  can be at tached d i r e c t l y  t o  
t h e  u n i t .  Since t h e  a i rbags  a re  no t  designed t o  
support  l a t e r a l  o r  l o n g i t u d i n a l  motion, t h e  vehi-  
c l e  must be s t a b i l i z e d  by a t tach ing  cables f rom 
each land ing  gear t o  the  f l o o r .  The v e r t i c a l  
p lunge frequency o f  t h i s  system i s  1.6 Hz. 

Some t e s t s  a r e  conducted w i t h  t h e  v e h i c l e ' s  
l and ing  gear r e s t i n g  d i r e c t l y  on the  f l o o r  
(Fig.  10). I n  t h i s  con f igu ra t i on ,  t h e  l and ing  
gear o leo  s t r u t s  a r e  de f la ted  t o  reduce p o t e n t i a l  
non l inear  o s c i l l a t i o n s ,  and the  t i r e  pressure i s  
reduced t o  one-hal f  normal t o  p rov ide  a s o f t  sup- 
po r t .  Th is  approach should be used w i t h  consider-  
ab le  caut ion  because t h e  r ig id -body  land ing  gear 
modes may be inadequately i s o l a t e d  from the  
f 1 e x i  b l  e-body dynamic modes. 

A t  Ames-Dryden these systems 

This system i s  u s u a l l y  

EXAMPLE GROUND V I B R A T I O N  TESTS 

HiMAT VEHICLE 

The h i g h l y  maneuverable a i r c r a f t  technol  ogy 
(Hi MAT) program i n v o l  ved two remotely p i  1 oted 
veh ic les  i nco rpo ra t i ng  several new technologies.  
These technol ogies inc luded composite s t ruc tu re ,  
a e r o e l a s t i c  t a i l o r i n g ,  s u p e r c r i t i c a l  a i r f o i l ,  
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close-coupled canard, variable-camber wing, d i g i -  
t a l  f l i g h t  con t ro l s ,  and relaxed s t a t i c  s t a b i l  Sty. 

A ground v i b r a t i o n  t e s t  (Fig. 11) was conducted 
p r i o r  t o  f l i g h t  t e s t i n g  so t h a t  the f in i te-element 
model used i n  the  f l u t t e r  analys is  could be 
updated based on ground v i b r a t i o n  t e s t  resul ts . (e)  
The s ine-dwel l  technique, us ing an overhead airbag 
f o r  s o f t  support, was used t o  determine the  modal 
parameters. The v e h i c l e  hyd rau l i c  system was on 
f o r  t he  t e s t .  There were 164 survey p o i n t s  on the 
vehic le .  Up t o  seven shakers were used s imu l ta -  
neously t o  o b t a i n  good e x c i t a t i o n  f o r  some modes. 
F o r t y - s i x  modes were surveyed i n  an eight-week 
t i m e  per iod.  

Dur ing i n i t i a l  ground tes t i ng ,  i t  became apparent 
t h a t  f r e e  p l a y  was a f f e c t i n g  the responses o f  the 
c o n t r o l  surfaces. The amount o f  f r e e  p lay  was 
reduced by e l i m i n a t i n g  hyd rau l i c  actuator  va lve 
movement through a d d i t i o n a l  e l e c t r o n i c  con t ro l  o f  
t h e  hyd rau l i c  u n i t .  Free p l a y  was f u r t h e r  reduced 
by pre loading the c o n t r o l  surfaces w i t h  e l a s t i c a l l y  
suspended masses. This was accomplished by sus- 
pending a 10- lb  can o f  lead shot by an e l a s t i c  
cord. The fundamental na tu ra l  frequency o f  each 
spring-mass system was below 2.0 Hz. The e f f e c t  
o f  t he  suspended mass on the  modal response o f  the 
elevons i s  shown i n  Fig. 12. The suspended mass 
had the  des i  red e f f e c t  of cons iderably  improving 
t h e  response peaks o f  t h e  fundamental elevon mode 
w h i l e  not  s i g n i f i c a n t l y  a l t e r i n g  the  fundamental 
wing modes. 

Or thogona l i t y  checks were performed t o  determine 
t h e  q u a l i t y  o f  each mode shape. 
g o n a l i t y  was obtained f o r  a l l  modes. 

Very good or tho-  

X -2% FORWARD-SWEPT 4 ING AIRPLAM 

During the i n i t i a l  f l i g h t  t e s t i n g  o f  t he  X-294 
a i rp lane ,  t h e  s t a b i l i t y  o f  t h e  c r i t i c a l  m id f l ap -  
eron t o r s i o n  f l u t t e r  mode could not be t racked i n  
f l i g h t .  The f laperon system on the X-294 was a 
double-hinged con f igu ra t i on ,  as shown i n  Fig. 13. 
An i n i t i a l  ground v i b r a t i o n  t e s t  was conducted,(7) 
and the  midf laperon t o r s i o n  mode was measured a t  
a frequency o f  38.7 Hz. However, t h i s  t e s t  was 
conducted w i thou t  t h e  hinge aerodynamic seals i n  
place. Once i n  place, these seals apply consid- 
e rab le  f o r c e  on the  f l ape ron  near the  hinge l i n e .  

A second l i m i t e d  ground v i b r a t i o n  t e s t  was con- 
ducted w i t h  the  seals i n  place t o  determine t h e  
e f f e c t s  o f  t h e  seals on the f laperon t o r s i o n  mode 
frequency. Dur ing t h i s  ground v i b r a t i o n  tes t ,  the 
f ree p lay  of  t h e  f l ape ron  a f fec ted  the  response 
of  t h i s  mode. Since t h e r e  was no way o f  p r a c t i -  
c a l l y  removing the  f r e e  p lay  from these surfaces,. 
t h e  f r e e  p l a y  was reduced by pre loading t h e  ou t -  
board and midf laperons each w i t h  50 l b  and the 
inboard f l ape ron  w i t h  100 l b  suspended from 
e l a s t i c  chords (Fig.  14). The frequency o f  each 
spring-mass system was approximately 1.0 Hz. It 
should be noted t h a t  100 l b  o f  pre load was sus- 
pended from the wing, which weighed approximately 
800 l b .  The pre load had the  des i red e f f e c t  o f  
improving the  response ampl i tude and phase of the 

midf laperon mode (Fig.  15) w h i l e  no t  a f f e c t i n g  the  
frequency o r  amplitude o f  t h e  wing mode. 

This  t e s t  i l l u s t r a t e s  the  use o f  ground v i b r a t i o n  
t e s t i n g  t o  i n v e t i g a t e  i n - f l i g h t  data anomalies and 
a l so  the  e f f e c t  o f  a l a r g e  amount o f  e l a s t i c a l l y  
suspended mass on the response o f  a complex 
con t ro l  surface. 

JETSTAR LAMINAR FLOW CONTROL AIRPLANE 

To demonstrate the e f fec t i veness  o f  laminar  f l o w  
c o n t r o l  under f l i g h t  cond i t i ons  represent ive of  
commercial t ranspor t  operat ion,  a JetStar  a i r p l a n e  
was ex tens i ve l y  modified. Wing mod i f i ca t i ons  
inc luded removal of external  fuel  s l i p p e r  tanks 
and i n s t a l l a t i o n  o f  a leading edge t e s t  sec t i on  on 
each wing. Each wing's t e s t  sec t i on  was o f  a d i f -  
f e ren t  design. The gap i n  the  t r a i l i n g  edge f l a p  
l e f t  by t h e  tank removal was closed. F igu re  16 
shows t h e  a i r p l a n e  modi f icat ions.  

I n  preparat ion f o r  i n i t i a l  f l i g h t  t e s t s ,  a ground 
v i b r a t i o n  t e s t  was conducted t o  i d e n t i f y  and d e f i n e  
the  s t r u c t u r a l  modes o f  t h e  modi f ied a i rp lane.  
The v e h i c l e ' s  l and ing  gear rested d i r e c t l y  on t h e  
f l o o r  du r ing  t h i s  t e s t .  The land ing  gear s t r u t s  
were de f l a ted ,  and the  t i r e  pressure was reduced 
t o  one-hal f  normal. 

The t e s t  was conducted i n i t i a l l y  us ing  the s ine-  
dwel l  method and was repeated us ing s ing le - i npu t  
random exc i ta t i on . (3 )  The modal parameters were 
c a l c u l a t e d  us ing the complex exponent ia l  parameter 
es t ima t ion  technique. A modal assurance c r i t e r i o n  
(MAC),(6) which can be used as an approximat ion o f  
an o r t h o g o n a l i t y  check, was used t o  compare the  
mode shapes from sine-dwel l  and s ing le - i npu t  ran- 
dom methods. The MAC values f o r  several o f  t h e  
e l a s t i c  modes a re  shown i n  Table 1. Values above 
0.90 i n d i c a t e  c lose agreement between mode shapes. 
The frequency, damping, and mode shape p l o t  com- 
par isons a re  given i n  Fig. 17. 

Approximately one year a f t e r  t he  i n i t i a l  ground 
v i b r a t i o n  t e s t ,  t h e  c a p a b i l i t y  o f  conduct ing 
mu1 ti p l  e - i  nput random t e s t i n g  became avai  1 ab1 e. 
This  method achieves a b e t t e r  e x c i t a t i o n  energy 
d i s t r i b u t i o n  than t h a t  obtained w i t h  t h e  s ing le -  
i n p u t  random method. To o b t a i n  a comparison o f  
t h e  s ine-dwel l  , s ing le - i npu t  random, and m u l t i p l e -  
i n p u t  random methods, a second ground v i b r a t i o n  
t e s t  was conducted on the JetStar  a i rp lane.  Modal 
data were acquired us ing the  bu rs t  m u l t i p l e - i n p u t  
random e x c i t a t i o n  technique. The Polyreference 
parameter es t ima t ion  technique was used t o  ca lcu-  
l a t e  the  modal parameters. The MAC was used t o  
compare several  mode shapes o f  t h e  s ine-dwel l  and 
mu1 ti p l  e- input random methods. The MAC values 
f o r  m u l t i p l e - i n p u t  random e x c i t a t i o n  are g iven 
i n  Table 2. The MAC values were c lose r  t o  a value 
o f  1.00 f o r  these modes than the  MAC values f o r  
t he  s ing le - i npu t  random method, i n d i c a t i n g  t h a t  
a b e t t e r  energy d i s t r i b u t i o n  was obtained w i t h  
m u l t i p l e - i n p u t  random e x c i t a t i o n .  The mode shapes 
obtained w i t h  t h e  m u l t i p l e - i n p u t  random e x c i t a t i o n  
a l so  agreed b e t t e r  w i t h  t h e  s ine-dwel l  mode shapes. 
The frequency, damping, and mode shape p l o t  com- 

' 
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par isons  o f  mu1 t i p l e - i n p u t  random and s ine-dwel l  
methods a r e  shown i n  Fig. 18. 

F-14 NATURAL LAMINAR FLOW AIRPLANE 

The o b j e c t i v e  o f  t h e  F-14 na tu ra l  laminar  f l o w  
program was t o  measure the  e f f e c t s  o f  wing sweep 
on  boundary l a y e r  t r a n s i t i o n  from laminar  t o  
t u r b u l e n t  flow. For  t h i s  experiment, a foam- 
f i be rg lass  g love  was app l ied  over a p o r t i o n  o f  
one wing (Fig. 19). The ae roe las t i c  concerns f o r  
t h i s  m o d i f i c a t i o n  were whether the  r e s u l t i n g  
changes i n  wing weight, wing s t i f f n e s s ,  and a i r -  
f o i l  shape cou ld  be s u f f i c i e n t  t o  adversely a f f e c t  
t h e  a i r c r a f t ' s  ae roe las t i c  s t a b i l i t y  cha rac te r i s -  
t i c s .  The approach taken t o  q u a l i f y  t h i s  mod i f i -  
c a t i o n  f o r  f l i g h t  was t o  conduct a ground v i b r a -  
t i o n  t e s t  be fo re  and a f t e r  g love  i n s t a l l a t i o n .  
Modal parameters, i nc lud ing  mode shapes, were 
then compared t o  determine i f  t h e r e  were any 
s i g n i f i c a n t  changes. 

Since the  measured modal data were n o t  being com- 
pared w i t h  a f in i te -e lement  v i b r a t i o n  ana lys is ,  
t h e  s i  ng l  e- input random method was deemed t h e  
simp1 es t  and f a s t e s t  method t o  acqui r e  and analyze 
t h e  data. The modal parameters were est imated 
from frequency response func t i ons  us ing  t h e  com- 
p l e x  exponent ia l  method. The s o f t  support  used 
f o r  these t e s t s  was the a i r p l a n e ' s  l and ing  gear, 
w i t h  d e f l a t e d  gear s t r u t s  and t i r e s  a t  one-hal f  
normal pressure, res t i ng  d i r e c t l y  on the  f l o o r .  
There were 55 survey loca t ions  on t h e  a i rp lane,  
and 17 modes were measured. Each ground v i b r a -  
t i o n  t e s t  was accomplished i n  approximately 16 hr, 
which d i d  n o t  i nc lude  data analysis. Another 
1 6  h r  were requ i red  f o r  da ta  analysis.  

A comparison o f  frequency response func t i ons  f o r  
t h e  wing w i t h  and without t h e  g love  i s  shown i n  
Fig. 20. The comparison ind i ca ted  small s h i f t s  
i n  t h e  wing-bending natural  frequencies. Also 
noted was a new mode f o r  t h e  gloved wing a t  
21.3 Hz. Th is  was a t o r s i o n  mode o f  t h e  gloved 
wing on ly  and was higher i n  frequency than t h e  
t o r s i o n  mode o f  t h e  unmodified wing. 

A f t e r  complet ion o f  the  ground v i b r a t i o n  t e s t ,  
a f l i g h t  f l u t t e r  program was success fu l l y  con- 
ducted. 
example of q u a l i f y i n g  an a i rp lane  f o r  f l i g h t  by 
us ing  ground v i b r a t i o n  t e s t i n g  t o  determine t h e  
change i n  modal cha rac te r i s t i cs  as a r e s u l t  o f  a 
s t r u c t u r a l  mod i f i ca t ion .  

RSRA LANDING GEAR DOOR 

The r o t o r  systems research a i r c r a f t  (RSRA) i s  
designed t o  operate as a he l i cop te r ,  as a compound 
h e l i c o p t e r  ( w i t h  f i x e d  wings and a u x i l i a r y  j e t  
engines),  and as a f ixed-wing vehic le.  The RSRA 
i s  a unique research veh ic le  f o r  i n - f l i g h t  inves-  
t i g a t i o n  and v e r i f i c a t i o n  o f  new h e l i c o p t e r  r o t o r  
system concepts and support ing techno1 ogy. 
v e h i c l e  i n  t h e  f i xed-w ing  con f igu ra t i on  i s  shown 
i n  Fig. 21. 

On a f l i g h t  i n  the  compound con f igu ra t i on  ( p r i o r  
t o  a r r i v i n g  a t  hes-Dryden),  t h e  l e f t  l and ing  gear 

The F-14 laminar f l ow  program i s  an 

The 

door detached from t h e  v e h i c l e  w h i l e  t h e  l and ing  
gear was i n  t h e  extended pos i t i on .  

The l e f t  l and ing  gear door, designed as a s i n g l e  
u n i t  o f  f i be rg lass  cons t ruc t ion ,  was mod i f i ed  by 
adding l a y e r s  of f i b e r g l a s s  i n  t h e  area o f  t h e  
gear door s t r u t  attachment. The door was a l s o  
s t i f f e n e d  by t h e  a d d i t i o n  o f  an aluminum bar  
connect ing the  t o p  and bottom o f  t h e  door a t  t h e  
a f t  end. 

Before f l i g h t  t e s t i n g  the  f i xed -w ing  c o n f i g u r a t i o n  
a t  Ames-Dryden, a f l u t t e r  and divergence ana lys i s  
was performed f o r  t he  door. To c o r r e l a t e  modal 
da ta  w i t h  t h e  f i n i t e -e lemen t  ana lys is ,  a ground 
v i b r a t i o n  t e s t  was conducted us ing  impact e x c i -  
t a t i o n  a t  64 l oca t i ons  on the  door (Fig.  22). 
Frequency response funct ions were ca l cu la ted  t o  
e x t r a c t  modal parameters us ing  t h e  complex expo- 
n e n t i a l  method. The mode shape c o e f f i c i e n t s  were 
c a l c u l a t e d  us ing  t h e  t o t a l  response technique. 
Test setup (which inc luded movement o f  t h e  equip- 
ment t o  t h e  RSRA hangar), data a q u i s i t i o n ,  and 
da ta  ana lys i s  f o r  f i v e  e l a s t i c  modes was accom- 
p l i s h e d  i n  6 hr. 

F-15 SUPERSONIC NATURAL LAMINAR FLOW WING 

The o b j e c t i v e  of t h e  F-15 supersonic na tu ra l  lami -  
nar  f l o w  program was t o  ob ta in  accurate i n - f l i g h t  
measurements o f  1 aminar t o  t u r b u l e n t  boundary 1 ayer 
t r a n s i t i o n  a t  supersonic speeds. The approach was 
t o  add a foam-f iberglass upper wing sur face  t e s t  
sec t i on  t h a t  was 4 f t  square. F igu re  23 shows a 
t y p i c a l  wing cross sec t i on  w i t h  t h e  glove. 

The 1aminar . f low t e s t  sec t i on  was placed i n  f r o n t  
o f  t h e  r i g h t  a i l e ron .  The concern from an aero- 
e l a s t i c  s tandpo in t  was t h e  e f f e c t  o f  t h e  t e s t  sec- 
t i o n  on a i l e r o n  single-degree-of-freedom f l u t t e r  
(buzz) a t  t ranson ic  and low supersonic airspeeds. 
There was concern t h a t  t h e  t e s t  sec t i on  cou ld  
change the  o s c i l l a t i n g  shock. wave p o s i t i o n  o r  
phase, o r  both, w i t h  respect t o  the  a i l e r o n  and 
thaJ an i n s t a b i l i t y  cou ld  resu l t .  

To mon i to r  t he  a i l e r o n ' s  s t a b i l i t y  i n  f l i g h t ,  an 
accelerometer was mounted on the  outboard t r a i l i n g  
edge o f  t h e  r i g h t  a i l e ron .  The a i r p l a n e  was f lown 
t o  Mach 1.5 du r ing  the  i n i t i a l  f l i g h t s .  The a i l e -  
ron  d i d  no t  buzz, bu t  a smal 1 -amp1 i tude s inuso ida l  
o s c i l l a t i o n  a t  a frequency much h igher  than t h e  
a i l e r o n  r o t a t i o n  frequency was observed (Fig. 24). 

The o s c i l l a t i o n  was assumed t o  be a s k i n  reso- 
nance. To t e s t  t h i s  assumption and t o  determine 
i f  t h e  accelerometer had been placed a t  a p o i n t  
where maximum d e f l e c t i o n  occurred (because t h e r e  
were no a v a i l a b l e  ground v i b r a t i o n  t e s t  data f o r  
t h e  a i l e r o n  at tached t o  t h e  wing), i t  was decided 
t o  conduct an a i l e r o n  ground v i b r a t i o n  t e s t  us ing  
impact e x c i t a t i o n  (Fig. 25) and e x t r a c t i n g  modal 
parameters from frequency response func t ions .  
These data showed t h a t  the  o s c i l l a t i o n  was an 
a i l e r o n  h igher  o rder  f l e x i b l e  mode (Fig.  26) 
and a l s o  i nd i ca ted  t h a t  t h e  accelerometer should 
be moved forward 5 i n .  t o  measure t h e  p o i n t  o f  
maximum de f lec t i on .  
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This t e s t  i l l u s t r a t e s  the  use o f  ground v ib ra t i on  
t e s t i n g  as a means of explaining i n - f l i g h t  data 
anomalies discovered dur ing f l i g h t  test ing.  

CONCLUSIONS 

Ground v i b r a t i o n  tes t i ng  has an important r o l e  i n  
qua l i f y i ng  a i r c r a f t  for  f l i gh t ,  i n  providing data 
t o  cor re la te  w i th  f ini te-element models, and i n  
resolv ing i n - f l i g h t  data anomalies. A summary o f  
t e s t  equipment , t e s t  techniques, and experiences 
associated w i t h  ground v ib ra t i on  tes t i ng  was pre- 
sented i n  t h i s  paper. 

Sine-dwell , single- and mult ip le- input random, 
and impact exc i ta t i on  methods are a l l  used a t  
Ames-Dryden. Each method has advantages and d i s -  
advantages, and no one method i s  so le ly  r e l i e d  
upon for a l l  test ing.  The unique nature o f  exper- 
imental research a i r c r a f t  and t h e i r  modif icat ions 
requ i re  t h a t  a va r ie t y  o f  methods be ava i lab le  t o  
the  researcher. 
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Table 1 Comparison o f  mode shapes from sine-dwell 
and single-input randan tes ts  on a JetStar airplane 

S i  ne-dwel 1 Single-input Modal assurance 
Mode frequency, HZ frequency, ~t c r i t e r i o n  

1 4.90 4.92 0.98 
2 5.05 5.20 0.94 
3 5.75 5.97 0.92 

Table 2 Comparison o f  mode shapes from sine-dwell 
and mult ip le- input randan tes ts  on a JetStar airplane 

S i  ne-dwel 1 Mu1 ti p l  e-input Modal assurance 
Mode number frequency, HZ frequency, HZ c r i t e r i o n  

1 
2 
3 

4.90 4.92 
5.05 5.13 
5.75 5.87 

0.99 
0.99 
0.98 
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Fig. 1 E l e c t r o d y d c  shakem. 
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Fig. 2 E l e c t r o d y d c  shaker attachment 
haldware. 
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Fig. 9 Under-the-gear so f t  support. 
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F i g .  10 Soft support u s i n g  the vehicle l a n d i n g  gear .  

F i g .  11 HiMT g r a n d  v i b m t i a  test. 
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F i g .  16 Laminar ftw a a t r o t  JetStar miificatias. 

12 



' a  

i r  

W Hz, 0.018g damping 

5.75 Hz, 0.- damping 

A 

4.92 Hz, 0 . w  damping 

5.20 Hz, O.Ol4-g damplng 

8005 
5.97 Hz, 0.014g damping 

Single- inpct  nandom ezcitation 

13 



4.80 Hz, 0.01- damplng 492 Hz, 0.0119 damplng 

5.05 Hz, 0 . w  damplng Q13 Hz, 0.0179 damplng 

MOB 
5.75 Hz, 0.M6g damplng 5.87 Hz, 0.0179 damplng 

Sine-dwell A t a t i o n  Ekltiple-input landom A t a t i o n  

Fig. 18 Sinedwell  and mcltiple-input landom e t d t a t i o n  nodal &a oaparison (JetStar airplane).  

14 

. 



[Total t h k k m ~  = 0 . e  in 

surface totmination 
xlc = 0.05 

six l a m  of 
f ikrphE8 

Foam 112 In thlck 

A W i Z i B .  

pig. l@ qp iaa t  P-14 wing acolla 8 m t i o n  with glove. 

b 

2 10 
Frequency. Hr 

50 

som 

15 



Fig. 21 RSRA vehicle i n  the f i x e d d n g  configuration. 

F i g .  22 RSRA vehicle tanding gear door. 
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F i g .  24 F-15 right-hand a i l e r o n  aaaelerameter 
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F i g .  25 F-25 aileron g r o u n d  vibration test. 

F i g .  26 F-15 aileron mode shape. 
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